A re-analysis of the Huggins and Hartley bands in the ultraviolet absorption spectrum of O 3 is presented in which the structure in both bands is assigned to vibrational progressions in the symmetric stretching mode 1 and the bending mode 2 but not the asymmetric stretching mode 3 . The present improved fit of a larger range of bands results in relatively large anharmonicity terms, whereas previous assignments have relied on the motion being largely harmonic in the upper state. From a consideration of the shape of single surface required to support both sets of vibrational data, it is concluded that the Huggins bands almost certainly terminate on the 2 1 A 1 state rather than the 1 1 B 2 state.
I. INTRODUCTION
The weakly structured Huggins and Hartley bands of ozone are illustrated in Fig. 1 using the data of Molina and Molina. 1 The absorption is dominated by the bell-shaped Hartley band between 210 and 310 nm which is generally believed to be due to the electronically allowed transition 1 1 2 that photolysis of the band system to lower energy, called the Huggins band, leads to the formation of, among other fragments, the spin-forbidden products O( 3 P J )ϩO 2 (b 1 ͚ g ϩ ).
As an aid to better understanding the photodissociation of O 3 we have carried out a re-analysis of the absorption spectrum itself.
One key question that has not been answered with certainty is whether the Huggins band system is due to a transmission to the same upper electronic state as the Hartley band. This has a direct bearing on the vibrational assignment of the bands through vibronic symmetry arguments, but a broader question that is somewhat decoupled from the symmetry arguments concerns the number of bound levels of the asymmetric stretch mode, 3 , that are supported by the upper surface or surfaces. The coordinate q 3 associated with this mode leads to dissociation, and the number of bound levels in 3 provides information about the positions of surface crossings that, in turn, influence the energy disposal among the various dissociation and predissociation channels.
Fortunately, there is only one other electronic state which could be optically active in the region 30 000-45 000 cm Ϫ1 , i.e., the 2 1 A 1 state. The transition 2 1 A 1 ←X is forbidden with regard to the dominant electronic configurations, whereas the transition to the 1 1 B 2 state is fully allowed. It is generally agreed that the potential energy surface ͑PES͒ of the 1 1 B 2 state has a saddle point of C 2v symmetry ͑i.e., when r 12 ϭr 23 ) and that the two equivalent minima on this surface are in the entrance and exit valleys leading to this saddle point ͑i.e., when the molecule has C s symmetry͒. A PES for a fixed angle that summarizes the common features of all the calculations of the 1 1 B 2 surface is sketched in Fig.  2 : this surface is generated from the expansion coefficients reported by Leforestier et al. 3 Individual calculations differ in the precise location of the minima and height and second derivatives of the saddle point. [3] [4] [5] [6] The 2 1 A 1 surface, on the other hand, has a shallow minimum of C 2v symmetry at a more extended geometry than that of the ground state (r 12 ϭ2.6 a 0 compared to 2.4 a 0 ) and at an energy approximately 0.5 eV below the minimum of the 1 1 B 2 state. 5, 6 The 2 1 A 1 state mixes with the 1 1 B 2 state on distortion to C s symmetry when both become AЈ. This allows the 2 1 A 1 state to borrow intensity from the 1 1 B 2 state through a transition dipole from the ground state that is linear in the asymmetric stretch coordinate q 3 .
In this paper we present a re-assignment of the vibrational structure of both the Huggins and Hartley band systems which recognizes the considerable anharmonicity that is to be expected on the weakly bound upper surface͑s͒. In these new assignments, only progressions in 1 , the symmetric stretching vibration, and 2 , the bending vibration, are observed, as in the two earliest studies, 7, 8 but now all hot bands originate from one quantum of 1 in the ground state rather than from one quantum of 3 . These re-assignments produce a rather different picture of motion on the excited surface in the asymmetric stretch coordinate. Finally, the question of whether the two band systems terminate in the same upper state ( 1 B 2 ) or on different states ( 1 A 1 and 1 B 2 ) is considered in the light of the re-assignment.
which the spectrum was assigned as being made up of progressions in 1 and 2 , based on an electronic origin at 351.5 nm ͑28 450 cm Ϫ1 ͒. They also concluded that no vibrational progressions in 3 were observed. Brand et al. 9 carried out an analysis using the data of Simons et al., 7 and based on the reported presence of 3 O 3 , from which he obtained isotope shifts and hence concluded that the electronic origin must be much lower in energy at 368.7 nm ͑27 124 cm Ϫ1 ͒, which corresponds to a shift of two quanta of 1 . However, apart from increasing the numbering of the 1 progression by two, Katayama agreed with the assignments of Brand et al. 9 In the most recent study, Joens 12 argued that, since it was believed that the electronic state responsible for the Huggins bands has 1 A 1 symmetry, an odd number of quanta of 3 , a b 2 vibration, must be excited in the upper state for a vibronic transition to be observed strongly. With this constraint, the spectrum was assigned as consisting of the same long progression in 1 , 0 or 1 quanta of 2 and a long progression in 3 ͑odd only͒. While the alternative analyses of Katayama 11 and Joens 12 both explain most of the experimental observations, the authors recognized that there are two significant features which are not adequately accounted for. First, in both overall assignments it was not possible to provide definitive assignments for peaks appearing at higher energy, i.e., above 32 000 cm Ϫ1 . It was suggested 12 that these bands were perturbed by a second electronic state. Second, all bands having one quantum of 2 excited are at least as intense as the equivalent bands with no 2 excitation, but surprisingly, no higher members of the progressions are observed. This phenomenon was explained 12 as being due to the existence of a barrier between vϭ1 and vϭ2 in 2 ͑i.e., a double minimum potential 5, 6 ͒ and that no bound levels were observed above this barrier, perhaps because of an avoided crossing reached in the expanded range of the bond angle that opens up above the barrier.
B. The new assignment
There are three extensive experimental data sets which give the positions of the vibrational bands in the Huggins system available in the literature, those given by Brand et al. 9 and Katayama 11 were obtained from their own experimental results, while that reported by Joens 12 was obtained from an analysis of the spectrum recorded by Freeman et al. 13 The present analysis exclusively uses the data of Katayama 11 since it is the most extensive and also includes the equivalent data for 18 O 3 . The band positions are presented in Table I .
The current assignments of the cold bands, presented in Table I , are similar to those of Simons et al. 7 in that the spectrum only contains extended progressions in 1 and 2 . The main difference is in the numbering of the 1 progression, which in the present analysis is taken from isotope studies 11 which predicted an unseen vϭ0 band around 27 124 cm Ϫ1 and results in our numbering being two quanta higher than that given previously. 7 Recently, Burrows et al. 14 have recorded absorption spectra at temperatures between 200 and 300 K. In the spectrum 15 recorded at 203 K, a cold band can be clearly observed around 27 112 cm Ϫ1 and this is assigned as the 1 vϭ0 band.
The new assignments of part of the Huggins band are illustrated in the photofragment excitation ͑PHOFEX͒ spectrum of O 3 shown in Fig. 3 . The spectrum was recorded by detecting O( 3 P 0 ) atoms by O(3p 3 P 0 ←← 2 p 3 P 0 )(2ϩ1) resonance enhanced multiphoton ionization with a probe wavelength of 226.23 nm. The experimental details are given in Ref. 16 from which the figure is reproduced. It can be seen that, in this region, the intensities of the members of the 1 progression peak at vϭ6, while the intensities of the members of each 2 progression based on these false origins all show a smooth Franck-Condon envelope peaking between vϭ2 and vϭ3. These intensity distributions mirror those observed in the absorption spectrum which are presented in Table II .
The largest spacings in the 1 and 2 progressions are 696 and 351 cm Ϫ1 , respectively. These are much smaller than the ground-state frequencies 17 of 1103 and 701 cm
Ϫ1
. The spacings between the bands in the progressions in 1 and 2 are smoothly anharmonic, with the first quantum of 2 also smoothly decreasing as the quanta of 1 increase, as shown in Table II . Both sets of observations are consistent with there being a large change in geometry between the ground and excited states, particularly with respect to q 1 .
Brand et al. 9 proposed that the hot band data reported by Eberhardt and Shand, Jr. 18 was not consistent with the analysis of Simons et al. 7 with which the present analysis agrees in principle. The hot bands were assigned 9 in Table I , are effectively the same as those of the earlier study. 18 It can be seen from the present re-assignments that all of the observed hot bands can also be interpreted as originating from 1 in the ground state which has a frequency of 1103 cm
. No hot bands were assigned to transitions from 2 , despite the vibrational frequency being only 701 cm
. This is consistent with there being a longer progression in 1 than in 2 in the cold band spectrum, both observations again suggest that there is a larger difference between the ground-and upper-state surfaces with respect to q 1 than to q 2 . The hot band assignments will be re-examined later following a discussion of the upper-state surface.
The band positions, , given in Table I were fitted to Eq. ͑1͒ using a least-squares fitting procedure and the resulting constants are presented in Table III .
In Eq. ͑1͒, e0 will include one and a half quanta of 3 if the transition terminates on the 1 A 1 surface. The fit generated from these constants is very good in that the standard deviation of 7 cm Ϫ1 is the same as the estimated experimental uncertainty. One of the reasons for the goodness of the fit is that below 32 000 cm Ϫ1 the individual vibronic bands do not overlap significantly, in marked contrast to the peaks in the Hartley band structure. There are several strong broad bands between 32 000 and 33 000 cm Ϫ1 which have not been fully assigned in previous studies. 11, 12 Extrapolation of the assigned progressions in 1 and 2 in the present analysis show that these broad bands are due to the overlap of members of several different progressions which have become coincident because of the different anharmonicities of the progressions and are not resolvable at the experimental temperature of 195 K. 13 However, these broad bands are at least partially resolved in an extension of the PHOFEX spectrum which covers the region between 316 and 298 nm ͑31 646 and 33 557 cm Ϫ1 ͒. 19 Unfortunately, the peak positions were not reported. The best estimates of the peak positions between 32 000 and 33 000 cm Ϫ1 , shown in Fig. 3 of Ref. 19 , are compared with the calculated extrapolations of the 1 and 2 progressions in Table IV . There is a very good agreement between the experimental and calculated band positions, especially in view of the relatively large uncertainties in the estimates of the experimental values and in the errors associated with calculating values from an extrapolation. It was possible to further extend the assignment to include all of the observed peaks up to that of highest energy at 33 520 cm
, which is the ͑12,3͒ band. Thus far, no assumptions have been made, or conclusions drawn, about the symmetry of the upper state responsible for the Huggins bands. These points will be addressed in Sec. IV following a re-assignment of the Hartley band vibrational structure.
III. RE-ASSIGNMENT OF THE HARTLEY BANDS

A. Previous assignments
Only two assignments of the Hartley band vibrational structure have been reported. In the first, Joens 21 carried out an analysis using previously recorded experimental spectra. 1, 7, 13, 22, 23 In this, the underlying Hartley continuum was first subtracted leaving only the structured portion. The assignment included long progressions in 1 , vϭ0 -8, and shorter progressions in 2 , vϭ0 -5, which were essentially harmonic with vibrational spacings of 1108 and 298 cm Ϫ1 , respectively. An attempt to resolve the uncertainty in the absolute numbering of both bending and symmetric stretching progressions given in this study was made by Parisse et al. 24 They recorded the absorption spectra of both 16 21 The observed isotope shifts were used to confirm the vibrational numbering proposed in the earlier study.
Both studies contained several anomalous observations. First, the fits of the experimental data gave standard deviations which were approximately three times larger than the estimated precision of the band positions. Furthermore, the assignments were unable to explain the intensity alternation along the bending progressions based on certain quanta of symmetric stretch or the large variation in the observed band widths. Finally, the calculated anharmonicity parameter for the bending vibration had, unusually, a small but significant positive value.
B. The new assignment
The band positions given by Parisse et al. 24 are used exclusively as the experimental data set in the present study. Table V . The spectrum is interpreted as being made up of short 2 progressions of up to six members based on a long progression of around eleven quanta of 1 .
The current assignment differs from those in the earlier studies in two respects: the symmetric stretching frequency is ca. 900 cm Ϫ1 rather than 1100 cm Ϫ1 and both 1 and 2 are very anharmonic. The most significant result of these two changes to the assignment is that almost all of the observed experimental peaks are comprised of at least two overlapping vibronic bands, hence neither the position nor the intensity of each individual vibronic band can be measured very accurately. In contrast, every peak observed in the Huggins bands up to that labeled ͑8,0͒ is a single vibronic band and the spacings and intensities of bands along any progression can be determined quite accurately. It should be noted that the spacing of 1100 cm Ϫ1 observed throughout the Hartley band spectrum and previously assigned 21, 24 to one quantum of 1 is approximately equal to one quantum of 1 plus one quantum of 2 in the present analysis.
The numbering of the vibrational progressions is very problematical. In the spectrum of the Huggins bands, equivalent pairs of vibronic bands of 16 
O 3 and
18 O 3 could be unambiguously identified and hence the vibrational numbering could be easily calculated. As a result of the large number of overlapping features in the Hartley band spectrum, these pairs of bands cannot be uniquely identified with such certainty. The approach used here was to assume that, in the low-energy region of the spectra of the two isotopic species, each peak in the 16 O 3 spectrum was paired with that nearest in energy in the 18 O 3 spectrum and given the same vibronic assignment, i.e., in agreement with the analysis of Parisse et al. 24 If this assumption is correct, the relatively high frequency of 1 means that the proposed numbering of the 1 progressions should be quite certain.
The numbering of the 2 progressions are much less certain because of the lower frequency of 2 . Joens 21 assigned three bands as ͑2,0͒, ͑3,0͒, and ͑4,0͒ as he could not identify any bands shifted to low energy of them by one quantum of bend. However, in the data presented by Parisse et al., 24 the positions of bands assignable to three lowerenergy bands were tabulated. These data appear to contain only one band of at least medium intensity, which does not have an associated band shifted by one quantum of 2 to lower energy, and this occurs at 36 789 cm Ϫ1 in the spectrum of 18 O 3 . In the present re-assignment, all bending quanta in the spectra of both isotopic species are numbered relative to this one band. Thus, although the relative numbering of the bending quanta appears to be well-established, the absolute numbering must remain more uncertain.
The assignment of bands below 41 000 cm Ϫ1 , given in Table V , were fitted to Eq. ͑1͒ as before, with e0 being the energy of the saddle point, and the resulting constants are presented in Table III . When bands above 41 000 cm Ϫ1 were included in the experimental data set, there was a distinct deterioration in the overall fit. The most likely cause of this observation is that it is not possible to fit such an anharmonic progression as that of 1 above vϭ10 using only a second order Dunham expansion. The precision of the line positions does not warrant a higher-order fit unless careful consideration is given to the weighting of the additional data, otherwise, as has been observed elsewhere, 25 the lower order coefficients will become unrealistic.
While the standard deviation of the overall fit is still around 30 cm Ϫ1 , compared to the estimated experimental uncertainty of Ϯ10 cm
Ϫ1
, the present assignment does have a significant advantage over the alternatives reported previously. 21, 24 Many of the observed peaks now consist of two or more overlapping bands which can explain the relatively poor fit. The same phenomenon of overlapping bands also explains why the intensities and widths of the bands belonging to what was originally assigned as a single progression vary so much and so irregularly.
The intensities of the observed bands of 16 O 3 have been estimated by Joens. 21 As a result both of the blending of individual vibronic bands to form the observed bands, and the inevitable errors involved in initially subtracting a large continuum background from the observed spectrum, it is not possible to gain as much quantitative intensity information on the Hartley bands as it was on the Huggins bands. However, qualitatively, it appears that the 1 and 2 progressions peak around vϭ8 and vϭ3, respectively.
IV. IMPLICATIONS OF THE PROPOSED RE-ASSIGNMENT FOR THE UPPER STATE PES
A. Simulation of the Hartley band absorption spectrum
Two different approaches have been used previously in attempts to simulate the Hartley band absorption spectrum. In the first, a wave function is propagated on a known excited-state surface and its development with time followed. The absorption spectrum is then obtained from the Fourier transform of the autocorrelation function. Numerous investigations have been carried out using this method and most of these are reviewed in Ref. 26 . Subsequently, two further studies have been reported, 27, 28 one on each of the two most commonly used upper-state surfaces, the LLYM 3 and the SW 4 . In both, simulations of the relative intensities of the broad continuum and the weak oscillatory structure superimposed on it were reproduced. However, no attempt was made to compare the positions of the calculated oscillatory maxima with those in the experimental spectrum. The second approach uses the vibrationally adiabatic model of Pack. 29 The structure arises from bound motion in the symmetric stretch coordinate across the saddle point and in the bending mode and the energy width of each ( 1 , 2 ) line is that of the bound-continuum overlap integral in the asymmetric stretch coordinate. The two factors which govern the overall shape of the Hartley band absorption when using this latter model are the density of 1 and 2 levels of the upper 1 B 2 state and the shape of the barrier between the two C s minima, which is characterized by the second derivative with respect to q 3 at the saddle point, Ϫk 33 Ј . The ratio k 33 Ј /k 33 Љ , designated by Atabek et al., 30 where k 33 Љ is the force constant of the asymmetric stretch in the ground state, determines the range of energy on the upper surface covered by the amplitude of q 3 , while executing the zero-point motion in the ground state. Attempts to simulate the Hartley bands by Atabek et al. 30 and by Adler-Golden 31 assumed an harmonic progression of both 1 and 2 modes and hence, the density of peaks used in these calculations was low. To compensate for this, k 33 Ј had to be increased to a value slightly greater than that in the ground state. This effort to reproduce the overall width of the Hartley continuum had the effect of causing the structure to disappear almost entirely as it did in the calculation of Johnson and Kinsey. 32 We have applied this latter method to the vibrational analysis of the Hartley band outlined in Table V . In our fit, the anharmonicities of the modes is such that the density of the 1 and 2 levels is much higher than the previous harmonic models suggest. The inclusion of anharmonicities in the 1 and 2 modes is an essential consideration in any successful attempt to analyze the Hartley band using the Franck-Condon model outlined previously. As an illustration of this, the Hartley band absorption can be reproduced in an approximate fashion by assuming that the q 3 peak with which each ( 1 , 2 ) peak is convoluted can be represented by a Lorentzian peak. The optimum match was obtained using widths of 430 cm Ϫ1 . This corresponds to a value of the parameter of Atabek et al. 30 of ϳ1/4 as judged from Fig. 1 of their paper. The positions of the ( 1 , 2 ) peaks are calculated using the fitted constants in Table III and their intensities are given by simple Gaussian envelopes in each of the two modes. The results are compared with the 226 K absorption data of Molina and Molina 1 in Fig. 4 . Although a gross oversimplification of the problem, this interpretation does illustrate that, once anharmonicities are included, it is possible for structure to survive and the overall width of the Hartley system to be preserved with a smaller ͑and more physically meaningful͒ value of k 33 Ј , for the upper surface than for the ground state, in keeping with the smaller values of k 22 Ј and k 11 Ј . The diffuse structure of the Hartley bands is thus assigned to quasi-periodic orbits executing motion in the q 1 and q 2 coordinates across the saddle point. That structure is resolvable at all must mean that there are several recurrences before the wave packet created on the upper surface descends into the valleys and the molecule dissociates.
B. One or two upper state surfaces
There is still much controversy as to whether the Huggins band transitions terminate on the 1 1 B 2 surface [33] [34] [35] or the 2 1 A 1 surface. 5, 12, 36 In the light of our vibrational reassignments, we can now address the question of whether a single upper-state surface can be responsible for both the Hartley and Huggins band absorptions.
In our vibrational analysis, the structure seen in the Hartley band absorption has an unobserved origin corresponding to zero-point motion at the saddle point on the 1 1 B 2 surface. It is possible to evaluate the energy of this saddle point relative to the ground state once an assignment has been made. Our assignment begins with the peak at 33 908 cm
Ϫ1
, assigned as ͑0,3͒, leading to a saddle point, corresponding to ͑Ϫ1/2,Ϫ1/2͒, at 32 291 cm Ϫ1 . This leads to the saddle point being at almost exactly the same energy as the dissociation limit and consequently to the minima of the C s wells ͑i.e., located by the origin of the Huggins bands͒ being approximately 5000 cm Ϫ1 below both of the first two points. The few limitations to the accuracy of these points include the possibility that the saddle point should be lower due to unobserved Hartley band features to the red in the absorption spectrum.
The saddle point and a potential minimum ͑or equivalent minima͒ that come from our re-assignment may or may not be on the same surface. If we assume that they are both on the 1 B 2 surface, then their absolute energies can be referenced to the dissociation limit of that surface, the O( 1 D) ϩO 2 (a 1 ⌬ g ) channel, and the three points compared with ab initio surface calculations. This is done in Table VI , where the comparison is made with the SW, 4 LLYM, 3 and BPG 6 surfaces. We can also compare calculated vibrational fre- quencies in the C s wells with those from our assignments, although this does not bear directly on the question of one surface or two.
There have been two calculations reported that determine the vibrational levels supported by the C s wells of the LLYM surface. 34, 35 The calculated vibrational frequencies match those of the Huggins bands quite closely and it was concluded that this single surface could be responsible for both the Huggins and Hartley bands. However, there appear to be some anomalies in such a conclusion. In the first study, 34 the upper-state surface was shifted vertically until the best agreement between the calculated and observed vibrational spacings and intensities was achieved. This optimized shift places the O( 1 D)ϩO 2 (a 1 ⌬ g ) dissociation limit several thousand wave numbers below its known value. In addition, the best agreement was obtained when the position of the first calculated line was adjusted to the observed ͑2,0,0͒ band. If it is assumed that the first calculated line is really the ͑0,0,0͒ band, the surface must be shifted to even lower energy to achieve a correct match. In the second study, 35 the dissociation limit of the LLYM surface was fixed to the experimental O( 1 D)ϩO 2 (a 1 ⌬ g ) dissociation limit and it was calculated that the ͑0,0,0͒ Huggins band should appear around 32 000 cm
, whereas the observed band origin lies around 27 000 cm Ϫ1 . While ab initio calculations are not at their most reliable when calculating dissociation energies, this simple comparison of the two points which define the well depth, one derived from the Huggins bands and the second from the asymptotic energy, strongly suggests that a surface similar to the LLYM surface cannot be responsible for the Huggins bands. The same argument applies to the surface calculated by Banichevich et al. 6 In contrast, the well depth of the SW surface is consistent with the present analysis. However, several other characteristics of this surface appear to rule out the possibility that it could be responsible for both the Huggins and Hartley bands. First, the internuclear distances in the C s wells are well outside the Franck-Condon region of the ground state. Second, the saddle point, which defines the origin of the Hartley system, is more than 8000 cm Ϫ1 above the bottom of the C s wells which defines the origin of the Huggins system. Our analysis indicates that this spacing is around 5000 cm
. Finally, the model that we have used to interpret the Hartley bands, where the molecule undergoes several vibrations orthogonal to the saddle point before dissociation, points to the dissociation pathway being very shallow. However, the curvature, Ϫk 33 , at the saddle point on the SW surface, is very large. Thus, while it is still possible that a new surface could be generated, which accounts for these discrepancies, the present analysis strongly points to the two bands terminating on different surfaces; the Hartley band on the 1 1 B 2 and the Huggins on the 2 1 A 1 .
C. An alternative hot band assignment
If, as seems likely, the Huggins bands terminate on the 2 1 A 1 surface, the hot band assignments must be briefly reconsidered. While those assignments given in Table I Table VII . The decrease in these values, as the associated number of quanta of 1 and 2 increases, is entirely consistent with trends seen in the cold bands. The isotope shifts also appear to be reasonable. At present, both sets of hot band assignments seem equally possible.
V. CONCLUSION
The discrete vibronic structure in both the Huggins and Hartley bands has been re-assigned to progressions in the 1 and 2 modes with either zero or one quanta of 3 . The values for 1 and 2 are now similar in the two bands and significantly lower than in previous fits. The major changes to the previous assignments are the relatively large anharmonicity in the 1 mode, the inclusion of double assignments for many of the features due to overlapping bands, and the absence of a progression in 3 . The important implications of this anharmonicity and the increased density of levels for Franck-Condon models of the Hartley bands is also demonstrated by modeling the absorption with a width assigned to each vibrational band that is considerably less than that used in previous simulations and more in keeping with a generally flatter portion of the upper-state surface that is explored in the bound modes. The question of whether the ultraviolet absorption of O 3 terminates on one or two upper electronic states is addressed by a comparison of the shape of the single surface required to support both sets of vibrational data with ab initio calculations of the 1 1 B 2 surface, which is known to be responsible for the Hartley band. Serious inconsistencies between the shape of these potentials lead to the conclusion that the Huggins bands almost certainly terminate on the 2 1 A 1 state rather than the 1 1 B 2 state. 
